Introduction
Lactic acid (LA) has a wide application range in various industries. As one of the organic acids that naturally occur in human metabolism, LA has full biological compatibility with humans. Therefore, LA has been used in the food and pharmaceutical industries as a natural preservative, acidulate, and flavor enhancer. LA is also used for tanning leather and as a mild bleaching agent in the textile industry. It has been identified by the U.S. Department of Energy as one of the top value-added chemicals and has attracted significant attention due to its ability to polymerize to poly LA [1] . This bio-plastic polymer can be further processed into biodegradable polymer products.
In the past few decades, LA has been successfully produced from renewable raw materials. However, potential contaminants and impurities are present in many raw materials and can also originate from LAB metabolism and the LA production process. Impurities and contaminants can induce unwanted chemical reactions during LA polymerization or alter the colorization of LA. Therefore, their presence reduces LA quality and potential market prices. Hence, the contaminants and impurities need to be removed to prepare a ready-to-market product [2] .
To monitor the production process of LA, validate LA quality, and evaluate the separation efficiency of the unit operations, a rapid, robust, and reliable analytical method is necessary. Ideally, this method would simultaneously detect LA and impurities in the process samples [2] .
In the past two decades, capillary electrophoresis has emerged as a powerful separation tool. The first references on using capillary zone electrophoresis (CZE) for the separation of LA and other organic acids were made in 1991 and 1992.
Since then, electrophoresis has been used in a number of applications, for example, Romano et al. [2] described the investigation of dental plaque and human saliva, Kenney et al. analyzed food samples [2] , and Jones and Jandik presented optimized methods for separating organic acids and other analytes in several matrices [3, 4] . Since these early investigations, hundreds of CE separations have been described for the determination of low molecular mass organic acids in various matrices using different detection modes. Klampfl et al. [5] presented a comprehensive survey on the use of CZE for the determination of organic acids in food and beverage samples. A review article by Galli et al. [6] presented an overview of developed CE methods for short-chain organic acids and inorganic anions in a wide variety of matrices. Furthermore, the determination of LA and related organic acids by CZE has been applied for foods and beverages and even cigarette smoke [7] , rain drops [8] , supercritical water [9] , and oligomeric distributions in dermatological formulations [10] .
In most of these studies, LA was detected using indirect UV methods with electrolyte systems comprising chromophores and electroosmotic flow (EOF) modifiers for fast coelectroosmotic separations.
However, other organic acids can also be detected via direct measurements at 200 nm (or lower) by measuring the absorption of carboxylate groups. The composition of the background electrolyte is then dictated by the UV transparency at the selected wavelength [11] . For example, the quantity of lactic acid in a fermentation broth of sorghum was determined using phosphate buffer for direct detection, an EOF modifier, and high amounts of calcium [12] .
Recent findings in the field of non-protein amino acids analysis in food by CE and micro-chip CE have been reviewed by Pérez-Míguez et al. [13] . The analysis of amino acids in food and agricultural application by CE from 2013 to 2015 was reviewed by Poinsot et al. [14] . Acunha et al. reviewed CE applications in food analyses and Foodomics for a large variety of food-related molecules with different chemical properties [9, 10] .
No known studies have investigated the use of CE on industrial samples consisting primarily of aqueous LA (60,000-650,000 ppm) and trace amounts (0.1-1 ppm) of impurities.
The objective of this work was to analyze LA, and possible impurities in the form of 10 selected organic acids (pyruvic acid, acetic acid, glutamic acid, glycolic acid, glyoxylic acid, methane sulfonic acid, nicotinamide, phosphoric acid, propionic acid, sorbic acid), and 15 selected aromatic amino acids (alanine, arginine, asparagine, cysteine, cystine, glycine, histidine, lysine, methionine, phenylalanine, taurine, tryptamine, tryptophan, tyrosine, valine) in the fermentation broth of different renewable resources. These were especially challenging samples due to low pH values, high levels of LA, and low levels of impurities.
Materials and methods

Materials
SDS was purchased from Merck (Darmstadt, Germany), and sodium tetraborate decahydrate was obtained from Roth (Karlsruhe, Germany) at the highest available purity. An electrolyte solution with 50 mM borate and 100 mM SDS was obtained from Agilent Technologies Deutschland GmbH (Waldbronn, Germany). As a reference standard for the determination of LA concentration, lithium-l-lactate salt from Alfa Aesar (Karlsruhe, Germany) was used. It is important to consider the use of an acid or a salt as a reference. At higher concentrations, LA can form covalent bonds, which lead to the formation of dimers and higher oligomers. Those can generate additional peaks in the electropherogram, which can complicate the quantification [12, 14] . All other chemicals were purchased from Merck (Darmstadt, Germany).
CE Instrumentation and procedures
All experiments were performed with the Agilent 7100 Capillary Electrophoresis System with ChemStation Software (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). Detection was performed with direct UV monitoring using a photodiode array detector at 200 nm wavelength with a bandwidth of 2 nm. For peak identification, the spectral data of each peak were collected. Uncoated fused silica capillaries of 50 µm ID with an enhanced detection window ("bubble cell") and lengths of 56/64.5 cm (effective length/total length) were employed (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). New capillaries were preconditioned using 0.1 N NaOH for 3 min, rinsed with ultrapure water for 1 min, and conditioned with buffer for 5 min. Between analyses, the capillaries were rinsed with an electrolyte solution at 1 bar for 3 min. Afterwards, 5 blank runs were processed to establish constant migration times. The samples were hydrodynamically injected for 10 s at 50 mbar, followed by an injection of electrolyte for 5 s at the same pressure.
A complete sampling sequence consisted of sequential runs of 1 blank, 1 standard solution, between 1 and up to 10 samples, 1 standard solution, and finally, 1 blank. For the calculation of LA concentration, the average of the peak areas of the first and second runs of the standard solution was used.
Estimation of the sample purity
The amounts of impurities were determined using the areapercent (area%) method for the lactate peak. The area% method was not the appropriate quantification method due to the different UV properties of each peak. However, when combined with the LA concentration, the method provides a reasonable estimation of the sample purity. In selected samples, the identified amino acids and PGA were also quantified using external standard solutions.
Sample preparation
LA was produced as described in detail by Laube et al. [15] . Briefly, the LA fermentation broth was prepared from a raw feed solution by mixing deionized water with tapioca starch and yeast extract. The temperature was set to 80 °C and the pH 6.0 using NaOH. A hydrolysate was prepared by mixing the raw feed solution with α-amylase from Bacillus amyloliquefaciens, (Novozymes, Bagsvaerd, Denmark) and CaCl 2 for 20 min. The hydrolysate was thermally sterilized at 121 °C and 2 bar for 20 min. Afterwards, coarse particles were removed by microfiltration. After sterilization, fermentation was carried out in continuous mode, and cell retention was established by pumping the fermentation broth over hollow fiber membranes. Finally, the fermentation broth was divided into 60-liter aliquots and frozen until use.
Results and discussion
A method was developed to quantify the amount of LA and to detect a maximum amount of organic impurity peaks with overall good peak resolution. The use of indirect detection mode has been more commonly used, especially for the more sensitive detection of aliphatic organic acids. However, to detect other organic compounds with aromatic structures, direct UV detection mode was used. Therefore, a low wavelength at 200 nm, a UV-transparent borate electrolyte, and micellar electrolytes were tested. The EOF was not reversed, and therefore, a counter-electroosmotic separation was performed. This method was demonstrated for determining the purification performance of different filtration steps.
Optimization of the electrolyte system
The application of the direct detection mode required the use of an electrolyte system with weak ultraviolet-absorbing activity. We investigated different borate electrolytes at pH 9.1 and at a low detection wavelength of 200 nm. In such a system without a modified EOF, the migration was superimposed by the EOF, leading to an inversion in the normal elution mode. Hence, early analytes had low ion mobility and analytes after the LA peak had higher ion mobility. To determine the optimal electrolyte composition, the borate and SDS concentrations were varied.
For the optimization experiments, an LA sample was chosen after the cleaning procedures of a fermentation broth. This sample contained a high amount of LA and some organic impurities.
The tested borate-SDS electrolyte compositions are summarized in Table 1 . In the electropherograms shown in Figure S1 (see Supporting Information), the EOFs at a high pH were strong enough for the simultaneous detection of LA and impurities. Furthermore, the LA peak was a "standalone peak," i.e., no co-migration with impurities was detected. The best resolution for the organic impurities was obtained using a micellar SDS electrolyte. Regarding the peak width and migration time for LA, the optimal electrolyte compositions used 25 mM borate and 50 mM SDS. With this composition, a good separation of two primary impurity peaks and a narrow LA peak were realized.
For a final optimization, the influence of temperatures between 20 and 40 °C on peak width, resolution, and analysis time was investigated. In Table 1 , the results according to peak width are summarized in lines 6-10. The electropherograms are given in Figure S1 (see Supporting Information). Due to the decreasing viscosity at higher temperatures, the EOF became stronger, and thus, the analysis time was reduced, i.e., the migration time of the LA peak decreased from 9.6 to 6.3 min. Additionally, the temperature also influenced the selectivity for impurities as illustrated in the electropherograms taken from the temperature optimization, Figure S2 (Supporting Information). At 35 °C, the resolution of the two impurity peaks was high enough to reveal a third minor peak between them. Additionally, the analysis time was reduced to 8 min. Hence, a temperature of 35 °C was selected for the validation experiments and the analyses of the real samples.
Peak identification
The metabolomics of LA production in Bacillus coagulans have been investigated in detail by process modeling [16] . The presence of a variety of amino acids and organic acids was predicted. Based on this investigation, a few selected organic acids and amino acids were assumed to comprise the unknown impurities found in the sample solutions.
Using the standard addition method and by comparing the UV spectra of the unknown peaks with the UV spectra of selected substances, peak identification was successful for most of the impurities. The migration time of LA, the ten organic acids, and the 15 amino acids, as well as the relative migration time as the quotient of LA migration time by the respective substance migration time, can be found in Tables 2 and 3 , respectively. The electropherograms are given in Fig. 1 , Figure  S5 , and Figure S6 (see Supporting Information).
The two major peaks were tyrosine (Tyr) and phenylalanine (Phe), and the smaller peaks were glycine (Gly), tryptophan (Trp), and taurine (see Fig. 2 ). A major unknown component before the LA peak was observed in a few samples. This component was successfully identified as pyroglutamic acid (PGA) using coupled CE/MS [17] . The presence of PGA was verified using standard addition tests. The method proved to be effective enough to detect 0.3 ppm of PGA in the presence of 718,400 ppm of LA.
Method validation
Before using this method in routine analyses, various parameters, i.e., linearity, limits of detection (LOD) and quantification (LOQ), relative standard deviation (RSD), and quantification type, were studied to validate the method.
The linearity of the optimized method was investigated using nine standard solutions of LA ranging from 20 ppm to 20,000 ppm and prepared from a stock solution of 20,000 ppm. Each concentration was measured in triplicate, and averages of the LA peak area were calculated. A calibration plot was linear for the whole concentration range (i.e., with a high R² correlation; Figure S3 , see Supporting Information) and had a slope m = 0.50068, intercept n = −0.03468, and correlation coefficient R² = 0.99986.
However, as shown in Figure S4 (see Supporting Information), the shape of the LA peak indicated peak broadening for samples with high LA concentrations. This could result in the LA peak overlapping with neighboring peaks and thus prevent accurate quantification. Hence, samples should be diluted to a 10,000 ppm maximum concentration to prevent co-migration.
The LOD and LOQ of the analytical technique were determined based on signal-to-noise (S/N) ratios Fig. 1 The electropherograms taken from the impurity peak identification by the addition of amino acids according to quality guidelines reported in [18] . An LOD of 17 ppm and an LOQ of 57 ppm were sufficient for the determination of real samples because LA was the matrix peak in all samples of interest. Thus, the working range for the determination of LA can be defined from the LOQ of 60-10,000 ppm. The injection precision for the peak area (expressed in terms of relative standard deviation, RSD) for six measurements of a sample solution and a 5000 ppm standard solution was found to be beyond 1%. For the sample solution, an RSD of 0.51% was calculated; for the standard solution, the RSD was 0.45%.
Quantification complications could occur, for example, if the sample has a very different viscosity than the standard solution. The injected volumes of the sample and the standard would be different, and thus, an unreliable measurement would be reported. These types of failures can be prevented using the standard addition method, which ensures that the sample and standard solutions have the same viscosity and matrix.
To investigate the influence of the matrix on the quantification accuracy, two different methods of standardization, i.e., an external standard method and the standard addition method, were tested and compared. For the external standard method, a standard solution with 5000 ppm LA was prepared. For the standard addition method, a final concentration of 2500 ppm LA was added to the 1:20 diluted sample solution. The 1:20 diluted sample solution, the external standard solution, and the standard addition solution were injected, and the LA content in the sample was calculated. Concentrations of 78,100 and 79,700 ppm LA were obtained when using the external standard method and the standard addition method, respectively. Both methods generated similar results. The sample dilution step of the standard addition method may have had an annihilating effect on the viscosity difference. Due to the similar results of both methods, for routine tests, the simpler but time-consuming external standard method can be used.
Overall, the developed method proved to be suitable for the task of impurity monitoring. The method was also validated for PGA, the results can be found in Laube et al. [4] .
Method application
In an additional experiment, the purification performances of six different nanofiltration membrane modules were tested. To evaluate the effectiveness of a purification process, it is necessary to consider the LA concentration and the amount of impurities. In general, filtration is a rough purification step that removes macromolecules and other large particles. The membranes were used for the filtration of the LA samples [19] . The LA concentrations and corresponding peak area purities in the permeate streams were determined, and the results are shown in Fig. 3 . The electropherograms are given in Figure S7 (see Supporting Information).
The two-way valve in the feed line was adjusted to the point, were the flow meter, for the membrane module indicated a cross-flow velocity of 300 L/h at 20 °C and the feed pressure was set to 25 bar. The following membranes were investigated; from General Electric (GE Power and Water) the model DK73 (DK2540F1073) [20] and DL73 (DL2540F1073) [21] ; from Microdyn-Nadir the model NP30 (Nadir NP030P) [22] ; from Dow Chemical Company (Dow Water and Process Solutions) the TW30 (FILMTEC TW30-2549) [5] , the SW30 (FILMTEC SW 30-2540) [20] ; and the NF45 (FILMTEC NF45-2540) [21] . All membranes were made of polyamide thin film composite material.
The selectivity of a membrane toward LA can be calculated from the LA concentration in the permeate Fig. 2 Electropherograms of the blank, the standard solution, and the sample solutions. Conditions: Electrolyte, 25 mM borate, 50 mM SDS at pH 9.1; Capillary: fused silica, 50 µm ID, enhanced detection cell ("bubble cell"), 56 cm, total 64.5 cm; Voltage: +30 kV, Temperature: 35 °C; Injection: 10 s at 50 mbar, followed by electrolyte injection: 5 s at 50 mbar. Detection wavelength: 200 nm stream and the LA peak area purity. All membranes showed a selectivity toward the impurities, which is not favorable. However, four of six membranes allowed for an enrichment of the LA above the feed concentration, ranging from 67,800 ppm LA (NP30) to 60,100 ppm of LA (NF45). The over-proportional enrichment of impurities in the permeate of NP30, with a purity of 58.5% and the strong holdback of LA in the permeate of SW30 with a LA concentration of 4400 ppm, disqualified these membranes.
Overall, a 50% increase in product concentration with a loss of 5% in purity, the NF45 was found to be the best nanofiltration membrane.
Concluding remarks
A method based on a borate-SDS electrolyte and direct UV detection was optimized for the rapid, robust, and accurate analyses of LA concentrations in fermentatively produced lactic acid. The micellar-based mechanism simultaneously detected LA and several organic impurities, such as tyrosine, phenylalanine, tryptophan, and pyroglutamic acid. The presented analytical method was validated and proved to be a rapid and reliable method for downstream process control. This method will enable the rapid benchmarking of different cleaning procedures and improve methods for the production of pure LA from different fermentation solutions. In our related work, this method was successfully applied to downstream processes for a broad variety of renewable feedstocks. Fig. 3 Feed and permeate quality by means of LA concentration (circles) and peak area purity (squares) of six different nanofiltration membranes
